Noscapine biosynthesis in opium poppy involves three characterized O-methyltransferases (OMTs) and a fourth responsible for the 4ʹ-methoxyl on the phthalide isoquinoline scaffold. The first three enzymes are homodimers, whereas the latter is a heterodimer encoded by two linked genes (OMT2 and OMT3). Neither OMT2 nor OMT3 form stable homodimers, but yield a substrate-specific heterodimer when their genes are co-expressed in Escherichia coli. The only substrate, 4ʹ-O-desmethyl-3-O-acetylpapaveroxine, is a seco-berbine pathway intermediate that undergoes ester hydrolysis subsequent to 4ʹ-O-methylation leading to the formation of narcotine hemiacetal. In the absence of 4ʹ-O-methylation, a parallel pathway yields narcotoline hemiacetal. Dehydrogenation produces noscapine and narcotoline from the corresponding hemiacetals. Phthalide isoquinoline intermediates with a 4ʹ-hydroxyl (i.e. narcotoline and narcotoline hemiacetal), or the corresponding 1-hydroxyl on protoberberine intermediates, were not accepted. Norcoclaurine 6OMT, which shares 81% amino acid sequence identity with OMT3, also formed a functionally similar heterodimer with OMT2. Suppression of OMT2 transcript levels in opium poppy increased narcotoline accumulation, whereas reduced OMT3 transcript abundance caused no detectable change in the alkaloid phenotype. Opium poppy chemotype Marianne accumulates high levels of narcotoline and showed no detectable OMT2:OMT3 activity. Compared with the active subunit from the Bea's Choice chemotype, Marianne OMT2 exhibited a single S122Y mutation in the dimerization domain that precluded heterodimer formation based on homology models. Both subunits contributed to the formation of the substrate-binding domain, although site-directed mutagenesis revealed OMT2 as the active subunit. The occurrence of physiologically relevant OMT heterodimers increases the catalytic diversity of enzymes derived from a smaller number of gene products.
INTRODUCTION
Noscapine is a benzylisoquinoline alkaloid (BIA) in the phthalide isoquinoline structural category that has long been used as a cough suppressant and investigated as a potential anticancer drug (Rida et al., 2015) . Noscapine is generally the second most abundant alkaloid after morphine in opium poppy (Papaver somniferum), but unlike opiate alkaloids noscapine does not possess analgesic or narcotic properties . The biosynthesis of noscapine involves 11 enzymatic reactions, which convert the 1-benzylisoquinoline backbone of the central BIA branch-point intermediate (S)-reticuline to the phthalide isoquinoline scaffold via skeletal reconfiguration proceeding through protoberberine and seco-berbine structural intermediates (Figures 1 and S1 ). Briefly, methylene bridge formation in (S)-reticuline generates the protoberberine alkaloid (S)-scoulerine, which is functionalized via 9-Omethylation (Dang and Facchini, 2012) , closure of a methylenedioxy bridge on the isoquinoline moiety (Dang and Facchini, 2014a) , N-methylation producing a quaternary intermediate (Liscombe and Facchini, 2007) , sequential hydroxylation at C1 (Dang and Facchini, 2014b) and C13 , and 13-O-acetylation yielding (13S,14R)-1-hydroxy-13-O-acetyl-N-methylcanadine . Addition of the ester moiety protects the 13-hydroxyl position from precocious hemiacetal formation resulting spontaneously from subsequent 8-hydroxylation, which causes ring opening and the formation of an aldehyde group in the seco-berbine intermediate 4 0 -O-desmethyl-3-O-acetylpapaveroxine. Instead, the seco-berbine scaffold does not undergo rearrangement to the phthalide isoquinoline backbone until enzymatic ester hydrolysis facilitates a spontaneous reaction between the aldehyde and the de-protected 13-hydroxyl moieties (Figures 1 and S1 ). Dehydrogenation completes the pathway via the formation of a lactone from the hemiacetal (Chen and Facchini, 2014) . At some point subsequent to the formation of 1-hydroxyl-N-methylcanadine, the 4 0 -hydroxyl group in a phthalide isoquinoline or seco-berbine intermediate (or the corresponding 1-hydroxyl in the protoberberine scaffold) undergoes O-methylation. Narcotoline, the 4 0 -O-desmethyl analog of noscapine, was purported as the enzymatic substrate for 4 0 -O-methylation (Figures 1 and S1) (Li and Smolke, 2016 ). An interesting feature of noscapine biosynthesis in opium poppy is the occurrence of a genomic cluster containing most of the required biosynthetic genes (Winzer et al., 2012) . Three of the 10 genes in the linkage group encode O-methyltransferases (OMTs), one of which is the early pathway enzyme scoulerine 9-O-methyltransferase (SOMT1). The remaining two OMTs (OMT2 and OMT3) have been reported to form a heterodimer responsible for the 4 0 -O-methylation of narcotoline (Li and Smolke, 2016) . The enzymatic function of the proposed OMT2:OMT3 heterodimer, designated narcotoline 4 0 -O-methyltransferase, was detected by co-expression of OMT2 and OMT3 in yeast capable of producing noscapine from (S)-norlaudanosoline via the introduction of all known pathway genes ( Figure S1 ). Interestingly, noscapine production also occurred in the absence of OMT3 due to its apparent substitution by the early BIA biosynthetic enzyme norcoclaurine 6-O-methyltransferase (6OMT), which shares 81% amino acid identity with OMT3 ( Figure S2 ). As a homodimer, 6OMT catalyzes the initial O-methylation in the multi-step conversion of the central BIA intermediate (S)-norcoclaurine to (S)-reticuline (Hagel and Facchini, 2013) . Characterization of the OMT2:OMT3 and OMT2: 6OMT heterodimers was based primarily on the purported acceptance of narcotoline as the substrate, and on the molecular weight of native heterodimers determined by size-exclusion chromatography (Li and Smolke, 2016) . Recombinant OMT heterodimers accepting BIA and catechol substrates have also been reported using combinations of certain monomers from Thalictrum tuberosum, although these enzymes are not involved in BIA metabolism (Frick and Kutchan, 1999) .
Most methyltransferases, including those implicated in plant specialized metabolism, belong to a single class, members of which share key structural features including the canonical Rossmann fold of their S-adenosylmethionine (SAM)-binding domain (Schubert et al., 2003) . The Rossman fold displays an alternating a-helix, b-strand secondary structure, which yields a tertiary a-b-a 'sandwich'. SAM is bound in a central cleft between two b-strands, where interactions between the adenosyl and methionine Figure 1 . Noscapine biosynthetic pathway from (S)-N-methylcanadine in opium poppy. Narcotoline was previously suggested as the OMT2:OMT3 and OMT2:6OMT substrate (grey text), although other intermediates were not tested. Our current work demonstrates that 4 0 -O-desmethyl-3-O-acetylpapaveroxine is the only substrate for the two heterodimers. Abbreviations: CYP82Y1, N-methylcanadine 1-hydroxylase; CYP82X2, 1-hydroxy-N-methylcanadine 13-O-hydroxylase; CYP82X1, 1-hydroxy-13-O-acetyl-N-methylcanadine 8-hydroxylase; AT1, 1,13-dihydroxy-N-methylcandine 13-O-acetyltransferase; CXE1, 3-O-acetylpapaveroxine carboxylesterase; NOS, noscapine synthase. Six stable pathway intermediates (green text) possessing a 1-hydroxyl (in compounds with a protoberberine scaffold) or 4 0 -hydroxyl (in compounds with seco-berbine and phthalide isoquinoline scaffolds) moiety could serve as possible substrates for the OMT2:OMT3 and OMT2:6OMT heterodimers. The conversion catalyzed by OMT2:OMT3 and OMT2:6OMT heterodimers is indicated (blue text). moieties, and specific amino acid side chains, orient the methyl-thiol group outward to face the methyl acceptor. The impressive functional diversity of Class I methyltransferases results from less conserved domains specialized for substrate binding and dimerization (Ibrahim et al., 1998) . Class I OMTs in plants utilize a conserved S N 2 mechanism, whereby a nucleophilic electron lone pair attacks a methyl carbon electrophile. The charged sulphur atom in SAM, resulting from the bond between the adenosyl and methionine moieties, thermodynamically destabilizes the methyl-thiol group and generates a labile methyl carbon that can be readily donated to an appropriate nucleophile. Class I OMTs in plants, including those involved in BIA metabolism, function primarily as homodimers (Zubieta et al., 2001) . The formation of OMT heterodimers and their potential physiological function in BIA metabolism is unexpected and raises the possibility that hetero dimerization is responsible for expansion of the catalytic diversity of an already versatile family of enzymes. In this paper, we report the in vitro and in planta characterization of heterodimeric OMTs in the context of their involvement in the biosynthesis of noscapine in opium poppy.
RESULTS
Only 4ʹ-O-desmethyl-3-O-acetylpapaveroxine is a substrate for O-methylation in the late noscapine pathway Six alkaloids possessing hydroxyl groups at C1 (protoberberines) or C4 0 (seco-berbines and phthalide isoquinolines) were tested as potential substrates for O-methylation using crude opium poppy stem protein extracts (Figure 2) . A 14-Da mass shift relative to the substrate was indicative of a single O-methylation. An O-methylated reaction product was detected only with 4ʹ-O-desmethyl-3-O-acetylpapaveroxine as the substrate. Contaminant alkaloids with the selected extracted ion masses were detected, but these compounds did not change in relative abundance when other substrates were incubated with native versus denatured plant protein extracts. In particular, a large peak corresponding to noscapine was detected in opium poppy stem extracts (Figure 2f ). Formation of 3-O-acetylpapaveroxine (m/z 458) identified 4 0 -O-desmethyl-3-O-acetylpapaveroxine (m/z 444) as the substrate for further characterization.
Only 4ʹ-O-desmethyl-3-O-acetylpapaveroxine is a substrate for OMT2:OMT3 and OMT2:6OMT heterodimers Six alkaloids possessing hydroxyl groups at C1 (protoberberines) or C4 0 (seco-berbines and phthalide isoquinolines) were also tested as potential substrates for O-methylation using purified recombinant OMT2:OMT3 or OMT2:6OMT heterodimers (Figure 2 ). An O-methylated reaction product (3-O-acetylpapaveroxine; m/z 458) was detected only with 4ʹ-O-desmethyl-3-O-acetylpapaveroxine as the substrate.
Co-expression of OMT2 with three different OMTs yields active and inactive heterodimers SDS-PAGE and western blot analyses were performed on total and soluble bacterial protein extracts from Escherichia coli cultures expressing pACE vectors harbouring individual OMTs, and OMT2 combined with OMT3, 6OMT or N7OMT (Figure 3) . Individually, OMT2 and OMT3 showed relatively low soluble protein abundance as putative homodimers, whereas 6OMT and N7OMT were detected at more substantial levels in soluble protein extracts. Co-expression of OMT2 and either OMT3, 6OMT or N7OMT also yielded a relatively high abundance of soluble protein as putative heterodimers, evident by the detection of both His 6 -tagged (OMT2) and FLAG-tagged (OMT3, 6OMT and N7OMT) polypeptides. Crude bacterial protein extracts for each homodimer, and for heterodimers involving OMT2, were tested for O-methyltransferase activity using 4 0 -O-desmethyl-3-O-acetylpapaveroxine (m/z 444) as the substrate ( Figure S3a and Table 1a ). Multiple reaction monitoring (MRM) based on the characteristic precursor and product (m/z 220) ions showed the formation of 3-O-acetylpapaveroxine (m/z 458) as the reaction product of OMT2:OMT3 and OMT2:6OMT. OMT2, OMT3, 6OMT, and N7OMT homodimers and the OMT2:N7OMT putative heterodimer did not yield detectable quantities of 3-O-acetylpapaveroxine ( Figure S3a ).
Purification of active OMT2:OMT3 and OMT2:6OMT heterodimers
Heterodimeric OMT2:OMT3 and OMT2:OMT6 were purified using Talon cobalt affinity resin, based on the His 6 -tag of OMT2, followed by anion exchange chromatography. A FLAG-tag was added to OMT3 and OMT6 for detection purposes. The purity of each heterodimer was established by SDS-PAGE and western blot analysis using anti-His 6 to detect OMT2, and anti-FLAG to detect OMT3 ( Figure S4 ). The identity and stoichiometry of each heterodimer were confirmed by LC-MS/MS analysis of peptides obtained from ingel tryptic digestion using an opium poppy stem transcriptome (Table S1 ). Purified OMT2:OMT3 and OMT2:6OMT displayed a similar relative abundance of each putative subunit.
Native purified OMT2:OMT3 ( Figure S5a ) and OMT2:6OMT ( Figure S5b ) heterodimers both converted 4ʹ-O-desmethyl-3-O-acetylpapaveroxine (m/z 444) to 3-O-acetylpapaveroxine (m/z 458). In contrast, assays containing partially purified native homodimers of OMT2 and OMT3 ( Figure S5a ) or OMT2 and 6OMT ( Figure S5b ) homodimers did not show O-methylation of 4ʹ-O-desmethyl-3-O-acetylpapaveroxine.
Heterodimer characterization
Purified OMT2:OMT3 and OMT2:6OMT both exhibited a pH optimum of 8.0 and a temperature optimum of 30°C (Figure S6) . Although both heterodimers displayed a similar K m for SAM, OMT2:OMT3 showed a three-fold higher K m for 4 0 -O-desmethyl-3-O-acetylpapaveroxine compared with OMT2:6OMT, which exhibited a K m of 23 lM for the alkaloid substrate (Table 2) . Despite the lower affinity of OMT2:OMT3 for 4 0 -O-desmethyl-3-O-acetylpapaveroxine the heterodimer displayed a V max nearly twice that of OMT2:6OMT, and a relatively higher catalytic constant (k cat ). Neither heterodimer exhibited any apparent substrate of product inhibition within the tested concentration range ( Figure S7a-d) .
Suppression of OMT2 transcript levels results in narcotoline accumulation
The physiological functions of OMT2 and OMT3 in opium poppy were assessed using virus-induced gene silencing (VIGS). Unique regions of OMT2 or OMT3 lacking sufficient homology to cause ectopic suppression of other OMT gene transcripts were used to construct the pTRV2 vector independently mobilized along with pTRV1 in Agrobacterium tumefaciens ( Figure S8a ). Co-infiltration of opium poppy seedlings resulted in tobacco rattle virus (TRV) infection detectable by reverse transcription polymerase chain reaction (RT-PCR) via viral coat protein transcripts. Opium poppy glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous positive control (Figure S8b) . Nine TRV infection-positive plants infiltrated with the pTRV2-EV empty vector pTRV2-OMT2, pTRV2-OMT3 were randomly selected for further analysis.
OMT2 transcript levels were significantly and specifically suppressed in plants infiltrated with A. tumefaciens harbouring pTRV2-OMT2 compared with the pTRV2 empty vector control (Figure 4a ). The relative abundance of transcripts encoding OMT3 (Figure 4a ) and other characterized BIA OMTs were not affected by the suppression of OMT2 transcript levels ( Figure S9 ). OMT3 transcript levels were also significantly suppressed in plants infiltrated with A. tumefaciens harbouring pTRV2-OMT3 compared with the pTRV2 empty vector control (Figure 4a) . Although the strength and specificity of OMT3 and OMT2 silencing were similar, the relative abundance of transcripts encoding OMT2 (Figure 4a ) and scoulerine O-methyltransferase (SOMT1) ( Figure S9 ) showed apparent reductions. However, OMT2 and SOMT1 transcript levels were not significantly lower compared with controls. The accumulation of most alkaloids was not affected by the silencing of OMT2 and OMT3 transcripts ( Figure S8c ) with one notable exception. Narcotoline, which was not detected in control or OMT3-silenced plants, accumulated in OMT2-silenced plants (Figure 4b ). The relative abundance of noscapine, papaverine and thebaine were not affected, although codeine and morphine levels showed a significant reduction in OMT3-silenced plants compared with OMT2-silenced plants and controls, respectively (Figure 4b ). (b, c) Western blot analysis of total and soluble protein extracts using anti-His 6 (b) and anti-FLAG (c) antibodies. OMT2 was His 6 -tagged, whereas OMT3, 6OMT and N7OMT were FLAG-tagged. All OMT cDNAs were derived from opium poppy chemotype Bea's Choice.
OMT2 is the catalytic subunit in heterodimers with either OMT3 or 6OMT
A reciprocal set of catalytic histidine mutants was prepared to further evaluate the functional role of OMT2 and either OMT3 or 6OMT in active heterodimers converting 4 0 -O-desmethyl-3-O-acetylpapaveroxine (m/z 444) to 3-O-acetylpapaveroxine (m/z 458) ( Table 1 ). The putative catalytic histidine occurred at positions 263, 246 and 253 in OMT2, OMT3 and 6OMT, respectively, and each residue was independently mutated to either alanine or asparagine yielding a set of eight heterodimeric mutants each containing a single substitution in only one of the two subunits (Figure S2) . For many mutants, the relative abundance of total or soluble heterodimeric protein produced in E. coli was substantially reduced compared with wild type OMT2: OMT3 and OMT2:6OMT recombinant enzymes (Figure S10) . Nevertheless, the detection of all eight soluble mutant heterodimers allowed a qualitative assessment of the catalytic role of each subunit. Both H263A and H263N mutants of OMT2 abolished enzymatic activity in crude E. coli protein extracts when partnered with either OMT3 or 6OMT (Table 1) . In contrast, O-methyltransferase activity was detected in crude E. coli extracts containing the H246A mutant of OMT3 partnered with OMT2, and with both the H253A and H253N mutants of 6OMT coupled with OMT2 (Table 1) . Although the OMT2:OMT3-H246N mutant showed a loss of activity, this heterodimer was also detected at the lowest relative level among all mutants ( Figure S10 ). Importantly, the H263A and H263N mutants of OMT2 coupled with either OMT3 or 6OMT, and the H253A mutant of 6OMT couple with OMT2 were produced in sufficient quantities to facilitate purification ( Figure S4 ). The two OMT2 catalytic histidine mutants also showed no detectable activity ( Figure S3b ), whereas the purified 6OMT catalytic histidine mutant remained functional (Figure S5c) . In contrast, kinetic analysis of the OMT2:6OMT-H253A mutant showed no change in K m (i.e. 28 lM versus 23 lM), but an approximately 50% reduction in V max and k cat compared with the native OMT2:6OMT heterodimer ( Table 2 ). The active, soluble OMT2:OMT3-H246A mutant was produced at insufficient levels to facilitate purification and kinetic assessment.
Natural OMT2 and OMT3 mutants in opium poppy
The opium poppy Marianne chemotype accumulates similar levels of opiate alkaloids (e.g. morphine and codeine) and noscapine compared with the Bea's Choice chemotype, but differs in: (i) the accumulation of substantial quantities of narcotoline, which is not detected in Bea's Choice; and (ii) the undetectable levels of papaverine, which is abundant in Bea's Choice (Figures 5a and S11a). Assays of total protein extracts from stem and root showed the occurrence of an enzyme converting 4 0 -O-desmethyl-3-O-acetylpapaveroxine (m/z 444) to 3-O-acetylpapaveroxine (m/z 458) in Bea's Choice, but not in Marianne (Figures 5b and S11b). Low enzyme activity was also detected in Bea's Choice leaf protein extracts. Although the relative abundance of transcripts encoding OMT2, OMT3 and 6OMT ( Figure 5c ) and other tested noscapine biosynthetic enzymes ( Figure S12 ) were lower in stems of Marianne compared with Bea's Choice, transcript levels in other organs were similar in both chemotypes. Predicted translation products for OMT2 and OMT3 transcripts isolated from a Marianne stem transcriptome database (Desgagn e-Penix et al., 2012) contained one and two amino acid substitutions, respectively, compared with OMT2 and OMT3 from Bea's Choice ( Figure S2 ). Marianne OMT2 (designated OMT2b) exhibits a serine to tyrosine substitution at residue 122 (S122Y), whereas Marianne OMT3 (designated OMT3b) displays valine to isoleucine and proline to serine replacements at positions 230 (V230I) and 244 (P244S), respectively. A reciprocal set of three heterodimers consisting of one or both Marianne (i.e. OMT2b and OMT3b) variants all showed substantially reduced levels of total or soluble heterodimeric protein in E. coli ( Figure S10 ). A fourth heterodimer was produced consisting of OMT2b and 6OMT. The low quantities of soluble recombinant OMT2:OMT3b still revealed an active heterodimer capable of converting 4 Table 1 ). The active, soluble OMT2:OMT3b heterodimer was produced at insufficient levels to facilitate purification and kinetic assessment. In contrast, no reaction products were detected when OMT2 was substituted for OMT2b in combination with either OMT3, OMT3b or 6OMT ( Figure S3c and Table 1 ). The OMT2b:6OMT heterodimer was produced in E. coli as a soluble protein at sufficient quantity to allow purification ( Figure S4 ). Purified OMT2b:6OMT confirmed the lack of activity of a heterodimer containing OMT2b ( Figure S5c ).
Structural basis for differences in OMT2:OMT3 heterodimer stability
The crystal structure of the Thalictrum flavum 6OMT (Tf-6OMT) homodimer (PDB 5ICE) (Robin et al., 2016) provides insight into the nature of the dimerization interfaces for various OMT homodimers and heterodimers. OMT2, OMT3 and 6OMT share 41, 69 and 63% amino acid sequence identity with Tf-6OMT, respectively. Homology models constructed for the OMT2:OMT3 and OMT2b: OMT3b heterodimers potentially explain how the replacement of S122 in OMT2 with Y122 in OMT2b leads to a destabilization of the dimerization interface of the OMT2b: OMT3b heterodimer expected to occur in the Marianne chemotype. Residue 122 lies at the junction of three helices near the centre of the dimer interface ( Figure S13 ). Closer inspection of this region reveals the presence of a pocket in the Tf-6OMT crystal structure that easily accommodates small side chains, such as T115 in Tf-6OMT and S122 in OMT2 ( Figure 6 ). However, this pocket is clearly too small to accommodate the bulky side chain of Y122 in OMT2b, and the tight packing of the three helices surrounding this residue suggests that this region is rigid and insufficiently flexible to create the larger pocket needed to accommodate Y122 ( Figure 6 ). The resulting disruption of dimerization is predicted to lead to an unstable monomeric state that could misfold, aggregate and become degraded by the proteasome and other components of E. coli protein quality control machinery. This prediction is consistent with the observation of the low amount of expressed protein ( Figure S10 ) and lack of detectable 4ʹ-O-desmethyl-3-Oacetylpapaveroxine O-methyltransferase activity of OMT2b heterodimers (Table 1) .
Physiological characterization of opium poppy Marianne and Bea's Choice chemotypes
Alkaloid accumulation in opium poppy Marianne and Bea's Choice chemotypes was further examined during the first 4 weeks of seedling growth (Figure 7 ). In general, alkaloid accumulation begins to increase after the emergence of the first leaf pair (approximately 10 days post-germination) with the most substantial elevation occurring after the appearance of the third leaf pair (approximately 21 days post-germination). Papaverine accumulation was detected only in Bea's Choice, whereas narcotoline and 4 0 -O-desmethyl-3-O-acetylpapaveroxine were detected only in Marianne. Noscapine was also detected in Marianne, but accumulated more slowly and reached approximately twothirds the accumulation in Bea's Choice by the end of the time course (~28 days post-germination). Codeine levels were similar in both chemotypes.
DISCUSSION
As Class I methyltransferases, OMTs involved in plant specialized metabolism share several key structural features, including the canonical 'Rossmann-like' fold of their S-adenosylmethionine (SAM)-binding domain and a conserved S N 2 reaction mechanism, whereby an electron lone pair of a nucleophilic substrate attacks the electrophilic methyl carbon on SAM (Zubieta et al., 2001; Liscombe et al., 2012) . Most Class I methyltransferases also contain a variety of conserved motifs, such as glycine-rich SAM-binding regions, metal-binding sites (Ibrahim et al., 1998) and Nterminal dimerization domains (Zubieta et al., 2001) . Six substrate-and regio-specific OMTs involved in BIA biosynthesis have been functionally characterized (Hagel and Facchini, 2013) . Norcoclaurine 6-O-methyltransferase (6OMT) converts (S)-norcoclaurine to (S)-coclaurine as the first Omethylation in BIA metabolism (Morishige et al., 2000 ; Table 2 Kinetic parameters for recombinant OMT heterodimers. Purified proteins used for enzyme kinetic analysis eluted from an anion exchange chromatography column as a single peak Figure S4 (a). Values represent the mean AE standard deviation of three independent assays Figure S1 ). The C-terminal regions of 6OMT and 4 0 OMT share 58% amino acid sequence identity, whereas more divergent N-terminal domains are involved in the formation of substrate-binding pockets. Reticuline 7-O-methyltransferase (7OMT) yields laudanine and accepts only N-methylated 1-benzylisoquinoline substrates (Ounaroon et al., 2003) . In contrast, the 6OMT and 4 0 OMT homolog norreticuline 7-Omethyltransferase (N7OMT) exclusively accepts the N-desmethyl substrate norreticuline as an intermediate in papaverine biosynthesis (Pienkny et al., 2009) . Scoulerine 9-O-metyltransferase (SOMT) acts exclusively and on protoberberine substrates forming (S)-tetrahydrocolumbamine (Takeshita et al., 1995; Dang and Facchini, 2012) , whereas columbamine O-methyltransferase (CoOMT) catalyzes the 2-O-methylation of (S)-tetrahydrocolumbamine yielding (S)-tetrahydropalmatine (Morishige et al., 2002) (Figures 1  and S1 ). The discovery of other BIA O-methyltransferases, including the enzyme responsible for the 4ʹ-O-methyl group on noscapine, has been elusive in spite of the extensive homology. Plant OMTs are structural dimers whereby the substratebinding pockets are formed at the interface of the two monomers (Zubieta et al., 2001 ). All physiologically relevant OMTs involved in plant specialized metabolism have been characterized as homodimers (Liscombe et al., 2012) . The possibility that functional heterodimers can form was previously suggested by the heterologous co-expression of four OMT-encoding genes from the BIA-producing plant Thalictrum tuberosum either individually or in six different combinations (Frick and Kutchan, 1999) . Various homodimers and heterodimers among the 10 isoforms tested differentially accepted 1-benzylisoquinoline and/or protoberberine alkaloids as substrates, along with a variety of catechols and phenylpropanoids. The catalytic activity of these heterodimers on BIA substrates was likely irrelevant physiologically, but demonstrated the capacity for asymmetrical OMT dimer formation. The possible physiological involvement of functional heterodimers in BIA metabolism was further supported by reconstitution of the noscapine pathway in engineered yeast (Li and Smolke, 2016) . In the presence of all other previously characterized biosynthetic enzymes Facchini, 2012, 2014a,b; Winzer et al., 2012; Chen and Facchini, 2014; Chen et al., 2015; Dang et al., 2015) , co-expression of OMT2 and OMT3 genes was required for noscapine production from (S)-norlaudanosoline (Li and Smolke, 2016) . However, OMT3 could be excluded from engineered yeast strains due to its purported substitution by 6OMT as an OMT2 dimerization partner. The lack of detectable activity associated with partially purified OMT2 and OMT3 homodimers ( Figures S4  and S5 ) is in agreement with the observation that OMT2 or OMT3 are not individually functional in engineered yeast (Li and Smolke, 2016) .
Our characterization of enzymes using purified recombinant proteins coupled with gene suppression and naturalmutant analyses using opium poppy plants allowed for a robust determination of relevant biophysical and catalytic properties, and a demonstration of the physiological relevance of heterodimers involved in phthalide isoquinoline alkaloid metabolism. Using engineered yeast strains and preliminary enzyme characterization, the OMT2:OMT3 (a) Relative OMT2 or OMT3 transcript abundance in control (pTRV2), OMT2-silenced (pTRV2-OMT2), and OMT3-silenced (pTRV2-OMT3) plants. (b) Relative abundance of major latex alkaloids in control, OMT2-silenced, and OMT3-silenced plants. Bars represent the mean AE standard deviation of data obtained from 18 plants. The means in each treatment were analyzed by one-way ANOVA using Tukey's test. Letters above the bars denote statistical significance as determined using one-way ANOVA and Tukey's multiple pair-wise comparisons (P < 0.05).
substrate was reported as narcotoline (Li and Smolke, 2016) . However, assays of plant protein extracts and recombinant enzymes with potential substrates comprising all possible pathway intermediates possessing a free hydroxyl (i.e., C-1 in protoberberines, and C-4 0 in seco-berbines or phthalide isoquinolines) corresponding to the 4 0 -methoxyl in noscapine showed that narcotoline is not an enzymatic substrate (Figure 2) . The exclusive acceptance of 4ʹ-O-desmethyl-3-O-acetylpapaveroxine, which was not previously tested, as the substrate completes the elucidation of noscapine biosynthesis and demonstrates that narcotoline is the product of a bifurcation in the pathway from the seco-berbine intermediate (Figures 1 and S1 ). Parallel 4ʹ-O-methyl and 4ʹ-O-desmethyl pathways leading to noscapine and narcotoline, respectively, are supported by the results of VIGS-mediated OMT2 gene suppression in the opium poppy Bea's Choice chemotype, which resulted in a substantial accumulation of narcotoline (Figures 4 and   S8) , and by the high-narcotoline content of the Marianne chemotype (Frick et al., 2005) , which also lacks the enzymatic activity associated with the recombinant OMT2: OMT3 and OMT2:6OMT proteins (Figures 5 and S11) . These results suggest that narcotoline is not normally a principle intermediate in noscapine biosynthesis.
The heterodimeric composition of OMT2:OMT3 and OMT2:6OMT was confirmed by high pressure liquid chromatography (HPLC)-MS/MS analysis of purified proteins (Table S1) , which was consistent with size-exclusion chromatographic analysis of the OMT2:OMT3 heterodimer (Li and Smolke, 2016) . OMT2 also formed an inactive heterodimer with N7OMT (Figures 3 and S3) suggesting that dimerization, at least with OMT2 as one subunit, might be common and that function is dependent on the specific nature of the partner. Moreover, unlike 6OMT and N7OMT that both form active homodimers (Morishige et al., 2000; Ounaroon et al., 2003; Pienkny et al., 2009 ), OMT2 did not show a capacity for efficient homodimizeration (Figure 3) . Remarkably, the relatively minor amino acid sequence divergence and/or deletions in OMT3 compared with 6OMT ( Figure S2 ) interfer with homodimerization, but not heterodimeric interaction with OMT2. Identification of the actual enzymatic substrate allowed the determination of several key functional features of the active heterodimers. First, the two heterodimers exhibited similar kinetic properties suggesting that both could be physiologically relevant (Table 2) . Second, independent mutagenesis of the putative catalytic histidine residue (Zubieta et al., 2001) in OMT2, OMT3 or 6OMT ( Figure S2 ) showed that OMT2 is the active subunit with respect to 4ʹ-O-desmethyl-3-Oacetylpapaveroxine as the substrate (Table 1) . Finally, mutation of the catalytic histidine in OMT3 or 6OMT reduced the activity of the corresponding OMT2 heterodimers. All OMT2, OMT3 or 6OMT mutants displayed reduced catalytic capacity with respect to the formation of stable heterodimers. The OMT2:6OMT-H253A mutant was produced in sufficient yield for purification and the enzyme exhibited a similar K m , but a lower catalytic rate, compared with native OMT2:6OMT (Table 2 ). The recent elucidation of the three-dimensional structure for Tf-6OMT from meadow rue (Thalictrum flavum) confirmed that the N-terminal region is primarily responsible for dimerization, whereas most of the residues responsible for substrate binding and catalysis are not located in the dimerization region (Robin et al., 2016) . The homodimeric crystal structure of 6OMT provides a solid basis for modeling the structures of heterodimers involving OMT2 and either OMT3 or 6OMT, because the high levels of sequence identity among these homologues indicate a conserved three-dimensional fold, as well as common features in the dimerization interfaces of the predicted heterodimers. The side chain imidazole of the catalytic histidine is thought to act as a general base catalyst to activate the hydroxyl oxygen atom for nucleophilic attack on the activated methyl group donated by SAM. The efficiency of protein folding and dimer stability should not be directly affected by mutations of this residue to alanine or asparagine, although proximity of the position to the dimer interface might indirectly affect quaternary structure stability. Homology modeling of OMT2: OMT3 variants ( Figure S13 ) suggests a structural basis for the profound negative effects on dimerization and activity of the single S122Y mutation in OMT2 from the opium poppy Marianne chemotype, compared with the active subunit from Bea's Choice (Figure 6 ). In the OMT2:OMT3 homology model, the S122 side chain fits snugly into a pocket formed by the junction of two helices in OMT2 and a third helix contributed by OMT3. In the 6OMT crystal structure this pocket also accommodates the side chain of the equivalent residue T115. The homology model of the putative OMT2b:OMT3b heterodimer from Marianne, however, suggests at least two distinct hypotheses to explain the effects of the bulkier side chain found in Y122. First, the three helices lying at the dimer interface are likely to be fairly rigid, because they are constrained by other parts of the structure, which limits the size of the side chain allowed for residue 122. The structure of this region strongly suggests that there is insufficient space available for the Y122 side chain; thus, Y122 in OMT2b is expected to destabilize the formation of an OMT2b:OMT3b heterodimer. The disruption of dimerization by Y122 also helps to explain the absence of recombinant OMT2b: OMT3b heterodimer formation ( Figure S10) . A second possible explanation for the lack in the Marianne chemotype of OMT2b:OMT3b activity on 4ʹ-O-desmethyl-3-O-acetylpapaveroxine assumes that the helices surrounding Y122 might be sufficiently flexible to accommodate a bulky side chain. In this case, the heterodimer should still form, but the shifting of structural elements is predicted to destabilize the dimer and reduce activity (Figure 5b) .
Gene suppression analysis in opium poppy plants supports an irreplaceable functional role for OMT2, and a replaceable contribution of OMT3 (presumably by 6OMT) in noscapine biosynthesis (Figure 4) . Suppression of OMT2 significantly increased narcotoline accumulation, whereas suppression of OMT3 had no detectable effect on steady-state alkaloid levels (Figures 4 and S9) . The co-accumulation of narcotoline and noscapine in OMT2-suppressed plants was similar to the alkaloid profile of the Marianne chemotype, which lacked the ability to methylate 4ʹ-O-desmethyl-3-O-acetylpapaveroxine (Figure 5b ) due primarily to a dysfunctional OMT2 subunit. BIA biosynthetic gene expression was generally lower in Marianne, compared with the Bea's Choice chemotype ( Figures 5 and S12 ), but the reduced transcript levels did not account for the lack of OMT2:OMT3 or OMT2:6OMT activity. Functional and structural characterization of the single-nucleotide and amino acid OMT2 mutation in Marianne coupled with the VIGS-mediated suppression of OMT2 transcript levels supports the in vitro characterization of native and mutant enzymes, revealing OMT2 as the key catalytic subunit in heterodimeric OMTs responsible for the 4ʹ-O-desmethyl to 4ʹ-O-methyl bifurcation in the noscapine pathway. Unexpectedly, noscapine production was not reduced either by: (i) VIGS-mediated suppression of OMT2; or (ii) mutational loss of OMT2b: OMT3b function in the Marianne chemotype, suggesting the occurrence of an alternate route to noscapine that does not involve 4ʹ-O-desmethyl-3-O-acetylpapaveroxine as a pathway intermediate. Our data, coupled with the reconstitution of noscapine biosynthesis in engineered yeast (Li and Smolke, 2016) , show that OMT2:OMT3 and OMT2:6OMT heterodimers are sufficient, but are not necessary, for the final steps of noscapine biosynthesis. It is plausible that a currently uncharacterized OMT can catalyze the conversion of narcotoline to noscapine, or the corresponding O-methylation of an upstream intermediate. In general, BIA metabolism is a complex lattice of reactions rather than a set of linear pathways (Hagel and Facchini, 2013) , so it is possible that noscapine is formed via more than one process.
As with other substrate-and regio-specific OMTs involved in BIA metabolism, a clade of closely related OMT2 orthologs occurs in other BIA-producing species suggesting that the specific (or a related) heterodimeric activity of OMT2:OMT3 or OMT2:6OMT occurs in other plants. Previously, we surveyed seven OMT homodimers encoded by genes expressed in yellow horn poppy (Glaucium flavum) roots and detected four enzymes with either relatively specific or broad activities on 1-benzylisoquinoline and protoberberine substrates (Chang et al., 2015) . An enzyme designated OMT4 from G. flavum exhibited no apparent activity with substrates tested, but is a close homolog of opium poppy OMT2 (Chang et al., 2015; Hagel et al., 2015) , which suggests that OMT4 is functional only when partnered with the product of an OMT paralog. In general, the possible widespread occurrence of heterodimeric OMTs involved in BIA metabolism, and potentially beyond, could expand the diversity of substrate-and regio-specific function beyond a directly proportional relationship with respect to OMT genes and metabolic conversions. The discovery of other elusive enzymatic conversions could involve OMT heterodimers.
In conclusion, we have characterized the fundamental catalytic properties of novel heterodimeric OMT enzymes from opium poppy involved in the biosynthesis of the phthalide isoquinoline alkaloid noscapine. The combined use of in vitro enzyme characterization, homology modeling and in vivo physiological analysis: (i) revealed the correct enzymatic substrate; (ii) provided important insights into the structural basis for OMT heterodimers; (iii) demonstrated the physiological role for these complex catalysts; and (iv) completed the elucidation of noscapine and narcotoline formation. Our work also dramatically demonstrates how a single amino acid substitution can have a dramatic effect on the alkaloid profile of a plant.
EXPERIMENTAL PROCEDURES Plants and chemicals
Opium poppy (Papaver somniferum) chemotypes Bea's Choice and Marianne were cultivated in growth chambers at 20°C/18°C (light/dark) and with a photoperiod of 16 h as described previously .
1 H NMR (600 MHz, CDCl 3 ) was used to confirm the authenticity and purity (>95%) of 4 0 -Odesmethyl-3-O-acetyl papaveroxine (m/z 444) purchased from Toronto Research Chemicals (Mississauga, ON) ( Figure S14 ). Narcotoline hemiacetal (m/z 402) and narcotine (m/z 400) were prepared enzymatically from 4 0 -O-desmethyl-3-O-acetyl papaveroxine using recombinant CXE1 (for m/z 402) or a combination of CXE1 and NOS (for m/z 400) (Chen and Facchini, 2014; Dang et al., 2015) . Reaction products were purified using silica gel (grade 60, mesh size 230-400 A) column chromatography, and (Janssen et al., 1989) .
To further confirm purity, analytical thin layer chromatography was also performed on alumina sheets pre-coated with silica gel 60 F254 (Merck, Germany). Bands were visualized under UV light and by dipping in a solution including 5% aqueous (w/v) phosphomolybdic acid containing 1% (w/v), and ceric sulfate and 4% (v/v) H 2 SO 4 followed by heating. The source of other alkaloids has been reported previously (Chen and Facchini, 2014; Dang et al., 2015) .
Q5 High Fidelity DNA polymerase, endonuclease restriction enzymes (I-CeuI and BstXI), T4 DNA ligase, T4 DNA polymerase, and Taq polymerase were purchased from New England Biolab (Burlington, ON, Canada). All solvents were of HPLC grade.
HPLC-MS/MS
HPLC-MS/MS analysis was performed using an Agilent (Santa Clara, CA, USA) 1200 HPLC coupled with an Agilent 6410 triplequadruple MS based on two methods. Method A used a Poroshell (Agilent) 120 SB-C18 column (2.1 9 50 mm, 2.7 lm particle size), and a gradient of solvent A [10 mM ammonium acetate:acetonitrile (95:5)] and solvent B acetonitrile as follows: 0 to 8 min 60% (v/v) solvent B, 8 to 10 min ramp to 99% (v/v) solvent B, 10 to 11 min 99% (v/v) solvent B, and 11 to 11.1 min ramp to 100% solvent A. The following MS parameters were used: capillary voltage, 4000 V; gas flow, 9 L min À1 , fragmentor voltage, 110 V; nebulizer pressure, 50 psi; gas temperature, 350°C. Method B was designed for MRM and involved the same instrument conditions as Method A except for the detection mode. Alkaloids were quantified using the standard curves listed in Table S2 .
Amino acid alignment
Amino acid sequence alignment was performed using the Geneious software package (Biomatters, Newark, NJ, USA) on the following enzymes from opium poppy: 6OMT, norcoclaurine 6-O-methyltransferase (GenBank accession number AAP45315); 4 0 -OMT2, 3 0 -hydroxy-N-methylcoclaurine 4 0 -O-methyltransferase 2 (AAP45314); 7OMT, reticuline 7-O-methyltransferase (AY268893); N7OMT, norreticuline 7-O-methyltransferase (ACN88562); PsSOMT1, scoulerine 9-O-methyltransferase 1 (AFK73709); OMT2, O-methyltransferase 2 (AFK73710); OMT3, O-methyltransferase 3 (AFK73711).
Construction of OMT expression vectors
OMTs were isolated from opium poppy chemotypes Bea's Choice or Marianne by reverse transcription polymerase chain reaction (RT-PCR) using opium poppy stem RNA and individually cloned into the MulitColi TM pACE1 vector (Geneva Biotech, Switzerland). Full-length open reading frames for each OMT were amplified using gene-specific primers (Table S3 ) that included sequences [forward (5 0 ?3 0 ): GTTTAACTTTAAGAAGGAGATATACATATG and reverse (5 0 ?3 0 ): CTTTGTTAGCAGCCGGATCTCTCGAG] serving as regions of homology for sequence and ligation-independent cloning (SLIC) (Li and Elledge, 2012) . Recombinant OMTs were C-terminal tagged by adding 5 0 sequences to the reverse primer that introduced hexa-histidine (His 6 ) (5 0 ?3 0 : CACCACCACCACCACCAC) or FLAG (5 0 ?3 0 : GACTACAAAGACGATGACGACAAG) epitopes. DNA amplification was performed using Q5 High Fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) using the following conditions: 98°C for 1 min, 35 cycles of 98°C for 10 sec, 52-60°C (optimized to amplify each OMT cDNA) for 30 sec, and 72°C for 1.5 min, 72°C for 10 min. The pACE1 vector was also amplified using Q5 High Fidelity DNA polymerase and specific primers introducing the same regions of homology as described above (forward 5 0 ?3 0 : CTCGAGAGATCCGGCTGCTAACAAAG; reverse 5 0 ?3 0 : CATATGTATATCTCCTTCTTAAAGTTAAAC). PCR products were purified using a GeneJet gel extraction kit (Thermo Fisher, Waltham, MA, USA). T4 DNA polymerase was added to 1 lg of amplified pACE1 vector and 1 lg of the amplified OMT insert cDNA, and the reaction (20 ll) was incubated 22°C for 1 h. The reaction was quenched by adding 2 ll of 10 mM dCTP and the T4 DNA polymerase was inactivated at 75°C for 20 min. The annealing reaction was performed by incubating the combined T4 DNA polymerase-treated vector and insert (1:5 pmole ratio) at 37°C for 30 min. The annealed product (5 ll) was immediately transformed into competent Escherichia coli Top10 cells in a total volume of 50 ll. Briefly, E. coli Top10 cells and the plasmid were incubated on ice for 30 min, heat shocked at 42°C for 45 sec, incubated on ice for an additional 2 min, diluted with 0.9 mL of lysogeny broth (LB), and finally incubated at 37°C for 90 min. After centrifugation, the pellet was resuspended in 100 ll of LB, plated onto LB solid medium, and incubated overnight at 37°C.
Individual OMTs were combined into single pACE1 vectors using one of two methods. For Method A, which was used to combine OMT2 and OMT3 expression cassettes, the pACE1-OMT2 vector was digested with BstXI and the pACE1-OMT3 plasmid was digested with I-CeuI according to the manufacturer's instructions. To avoid self-ligation, I-CeuI-digested plasmid was dephosphorylated using shrimp alkaline phosphatase. The BstXIand I-CeuI-digested plasmids were ligated overnight at 16°C using T4 DNA ligase. The constructed plasmids were amplified using specific primers and Q5 High Fidelity polymerase. The forward and reverse primers were specific for OMT2 and OMT3 (Table S3) , respectively, and contained homology sequences and appropriate C-terminal tags as described above. PCR products were gel-purified and cloned into pACE1 as described above. For Method B, which was used to combine all other OMT expression cassettes, one pACE1-OMT (His 6 -tagged) construct was doubledigested with I-CeuI and BstXI, and the second pACE1-OMT (FLAG-tagged) construct was digested only with I-CeuI. The first OMT cassette was gel-purified and ligated with the I-CeuIdigested second pACE1-OMT plasmid overnight at 16°C using T4 DNA ligase. All vector constructs were confirmed by DNA sequencing.
Site-directed mutagenesis
Site-directed mutagenesis was performed on the pACE1-OMT2: OMT3 or pACE1-OMT2:6OMT constructs. On the basis of the crystallographic structure of Thalictrum flavum 6OMT (Robin et al., 2016) and an amino acid alignment ( Figure S2 ), His264 (OMT2), His252 (OMT3), and His258 (6OMT) were identified as the catalytic residues, and were substituted with either Ala or Asn. Primers used for site-directed mutagenesis are listed in Table S4 .
Heterologous gene expression and recombinant protein purification pACE-OMT constructs were transformed into Escherichia coli strain BL21 (DE3) pLysS. To obtain crude E. coli lysates containing recombinant proteins, heterologous gene expression was induced by adding isopropyl b-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. Cells in 1 mL of culture were harvested by centrifugation at 4°C at 17 000 g for 5 min after overnight induction at 16 or 21°C. Pellets were resuspended in 300 lL of lysis buffer [50 mM sodium phosphate pH 7.5 containing 300 mM NaCl, 10% (v/v) glycerol, and 10 mM b-mercaptoethanol] and sonicated for 7 sec (1 sec on; 5 sec off). Cleared lysates were obtained by centrifugation at 17 000 g and 4°C for 5 min.
To obtain purified recombinant proteins, a primary culture was incubated at 37°C on a gyratory shaker at 225 rpm overnight in 50 ml of LB medium. The overnight culture was transferred into 1 L of fresh LB containing 100 lg ampicillin and 35 lg chloramphenicol, and incubated at 37°C and 225 rpm to an OD 600 between 0.4 and 0.6. To induce recombinant gene expression, 1 ml of 1.0 M IPTG was added and the culture was further incubated overnight at 16°C and 225 rpm. Cells were harvested by centrifugation (4000 g, 30 min, 4°C), resuspended in 40 ml of lysis buffer [50 mM sodium phosphate pH 7.0, 300 mM NaCl, 10% (v/v) glycerol, 10 mM b-mercaptoethanol], and sonicated for 5 min (3 sec on; 3 sec off). After centrifugation (10 000 g, 20 min, 4°C), the cleared lysate was loaded onto a Talon cobalt affinity resin (Clontech, Mountainview, CA, USA), pre-equilibrated with binding buffer [50 mM sodium phosphate pH 7.0, 300 mM NaCl, 10% (v/v) glycerol, 10 mM b-mercaptoethanol]. The resin was washed with five column volumes of binding buffer [50 mM sodium phosphate pH 7.0, 300 mM NaCl, 10% (v/v) glycerol, 10 mM b-mercaptoethanol] and eluted with the binding buffer containing 200 mM imidazole to obtain His 6 -tagged proteins. Concentrating and desalting of purified proteins were performed using an Amicon centrifugal filter-30K (Millipore, Billerica, MA, USA) and stored in a buffered solution [50 mM sodium phosphate pH 7.5, 100 mM NaCl, 10% (v/v) glycerol, 1 mM dithiothreitol (DTT)].
The OMT2:OMT3, OMT2:6OMT and OMT2:6OMT-H253A heterodimers were further purified by anion exchange chromatography. The protein sample was diluted 20-fold in buffer A (20 mM TrisHCl, pH 7.5, 30 mM sodium chloride, 0.25 mM EDTA, 1 mM DTT) and loaded at 1 ml min À1 onto a 1 ml HiTrap Q HP column (GE Healthcare Life Sciences, Pittsburgh, PA, USA) previously equilibrated in buffer A. After loading, the column was washed with 30 volumes of buffer A, and the bound protein was eluted with a linear gradient of 20 mM to 1 M sodium chloride in buffer A over 50 ml. Purified protein fractions, as determined by SDS-PAGE and western blotting, were pooled and dialyzed against 10 mM TrisHCl, pH 7.5, 30 mM potassium chloride, 1 mM DTT, and 0.5 mM EDTA. Final protein samples were concentrated by ultrafiltration with 10-kDa molecular weight cutoff centrifugal filters (Millipore, Billerica, MA, USA) to a final concentration of 7 mg ml À1 , as measured by absorbance at 280 nm using the extinction coefficient (1.112 L g cm À1 ) calculated based on the average extinction coefficient of OMT2 (1.031 L g À1 cm
À1
) and 6OMT (1.193 L g À1 cm À1 ) predicted using the ProtParam webserver (SIB Institute, Switzerland). Protein concentration was determined by the Bradford assay (ThermoFisher, Rockford, IL, USA) using bovine serum albumin as the standard. Protein purity was determined by SDS-PAGE using a 10% (w/v) polyacrylamide gel. Purified proteins were flash frozen in 0.1 mL aliquots and stored at À80°C).
Plant protein extraction
Crude opium poppy proteins were extracted from frozen stem or root samples (1 g), which were ground to a fine powder under liquid N 2 using a Tissue-Lyzer II (Qiagen, Hilden, Germany). Plant extraction buffer (3 mL) containing 100 mM Tris-HCl, 10% glycerol, 1% polyvinylpyrrolidone 40, and 5 mM DTT was added and gently sonicated for 5 min (1 sec on and 5 sec off). After centrifugation at 18 000 g and 4°C for 10 min, the supernatants were desalted using PD-10 columns (GE Healthcare, Chicago, IL, USA). Protein concentration was determined by the Bradford assay using bovine serum albumin as the standard.
Western blot analysis
Tagged recombinant proteins were detected on western blots using anti-His 6 and anti-FLAG antibodies. For detection purposes, OMT2 was His 6 -tagged, whereas OMT3, 6OMT and N7OMT were FLAG-tagged. The secondary antibody was goat anti-mouse IgG alkaline phosphatase conjugate (Bio-Rad, Hercules, CA, USA). Blots were visualized on an Amersham Imager 600 using the SuperSignal West Pico chemiluminescent substrate (ThermoFisher).
LC-MS/MS protein analysis
Purified OMT2:OMT3 and OMT2:6OMT heterodimers were subjected to LC-MS/MS analysis to confirm identity and examine stoichiometry. Bands for each heterodimer were excised from denaturing polyacrylamide gels and cut into small pieces (~1 mm 3 ) using a scalpel. Gel plugs were washed three times for 15 min in 50 mM ammonium bicarbonate/acetonitrile (50:50, v/v). Gel plugs were briefly rinsed in 100% acetonitrile and incubated for 20 min in fresh 100% acetonitrile. After air-drying, proteins were reduced with dithiothreitol (DTT; 10 mM in 100 mM ammonium bicarbonate) for 30 min at 56°C and alkylated with iodoacetamide (50 mM in 100 mM ammonium bicarbonate) for 30 min in the dark at room temperature. Gel plugs were washed with 50 mM ammonium bicarbonate/acetonitrile (50:50, v/v) for 15 min and dehydrated with acetonitrile as described above. Gel plugs were then rehydrated with a trypsin solution (0.02 lg ll À1 in 40 mM ammonium bicarbonate 10% acetonitrile; Promega, Madison, WI, USA) and incubated on ice for 2 h. Excess trypsin solution was removed and trypsin buffer [40 mM ammonium bicarbonate 10% (v/v) acetonitrile] was added to cover the gel pieces. Trypsin digestion was performed for 16 h at 37°C. After the digestion, the supernatant was transferred to a new tube containing 5 ll of extraction solution [acetonitrile/water/10% trifluoroacetic acid (60:30:10, v/v) ]. Tryptic peptides were extracted twice from the gel plugs by incubation in the extraction solution and vortexing for 10 min. The extracted peptides were combined into the same tube. Samples were then lyophilized and resuspended in 10 ll of 1% (v/v) formic acid in water.
Tryptic peptides were analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific) operated with Xcalibur (version 4.0.21.10 ) and coupled to a Thermo Scientific EasynLC (nanoflow liquid chromatography) 1200 system. Tryptic peptides (2 ll) were loaded directly onto an Easy Spray Column (ES801; ThermoFisher) at a maximum of 700 bars. Peptides were eluted using a 25 min gradient from 5 to 40% (5% to 28% in 22 min followed by an increase to 40% B in 3 min) of solvent B [0.1% (v/v) formic acid in 80% LC-MS grade acetonitrile] at a flow rate of 0.3 ll min À1 and separated on a C18 analytical column (ES801; ThermoFisher). Solvent A was composed of 0.1% (v/v) formic acid and 3% (v/v) acetonitrile in LC-MS grade water. Peptides were then electrosprayed using a voltage of 2.0 kV into the ion transfer tube (300°C) of the Orbitrap Lumos operating in positive mode. The Orbitrap first performed a full MS scan at a resolution of 120000 FWHM to detect the precursor ion having m/z between 375 and 1575 and a change of +2 to +7. The Orbitrap AGC autogain control (AGC) and the maximum injection time were set at 4e5 and 50 msec, respectively. The Orbitrap was operated using the top speed mode with a 3 sec cycle time for precursor selection. The most intense precursor ions presenting a peptidic isotopic profile and having an intensity threshold of at least 5000 were isolated using the quadrupole and fragmented with HCD (35% collision energy) in the ion routing multipole. The fragment ions (MS 2 ) were analyzed in the ion trap at a rapid scan rate. The AGC and the maximum injection time were set at 1e4 and 35 msec, respectively, for the ion trap. Dynamic exclusion was enabled for 30 sec to avoid of the acquisition of same precursor ion having a similar m/z (plus or minus 10 ppm).
The Lumos raw data files (*.raw) were converted into Mascot Generic Format (MGF) using RawConverter (v1.1.0.18; The Scripps Research Institute, La Jolla, CA, USA) operating in a data-dependent mode. Monoisotopic precursors having a charge state of +2 to +7 were selected for conversion. This MGF file was used to search a database specified by the customer using Mascot algorithm (version 2.4; Matrix Sciences, London, UK). Search parameters for MS data included trypsin as enzyme, a maximum number of missed cleavage of 1, a peptide charge equal to 2 or higher, cysteine carbamidomethylation as fixed modification, methionine oxidation as variable modification and a mass error tolerance of 10 ppm. A mass error tolerance of 0.6 Da was selected for the fragment ions. Only peptides identified with a score having a confidence higher than 95% were kept for further analysis. The Mascot.dat files were imported into Scaffold (v4.3.4, Proteome Software, Portland, OR, USA) for comparison of different samples.
Enzyme assays
O-Methyltransferase assays of recombinant proteins were performed in 100 mM HEPES pH 8.0 (50 ll) containing 0.5 lg of purified protein or 30-50 lg of crude protein, 200 lM S-adenosyl-Lmethionine (SAM), and 100 lM alkaloid as potential substrates at 30°C for 10-30 min or overnight. Crude plant enzyme assays were performed at 30°C for 30 min in the plant extraction buffer containing 50 lg crude plant enzyme, 200 lM alkaloid, and 500 lM SAM. Denatured enzymes were prepared by boiling protein samples for 10 min. Reaction mixtures were quenched by adding 150 ll acetonitrile containing 5 lg ml À1 dextromethorphan as an internal standard. After centrifugation, LC-MS/MS was used to analyze the supernatant as described above. SDS-PAGE and western blot analysis were performed on the same protein samples used for enzyme assays.
Kinetic parameters were determined by varying alkaloid concentrations between 1 and 400 lM at a fixed concentration of 400 lM SAM using 0.5 lg of purified in 100 mM HEPES pH 8.0 at 30°C, and the reaction time was 10 min. Alternatively, the SAM concentration was varied between 1 and 400 lM at a fixed alkaloid concentration of 400 lM. Enzyme kinetic parameters were calculated from the Michaelis-Menten equation using Prism 5 (GraphPad, La Jolla, CA, USA).
Virus-induced gene silencing
Gene-specific fragments of OMT2 and OMT3 were amplified by PCR using primers listed in Table S5 and inserted into the pTRV2 vector. Agrobacterium tumefaciens strains harboring pTRV1 or the pTRV2 vectors were cultured separately in 100 ml LB medium supplemented with 10 mM MES, pH 5.6, 20 lM acetosyringone and 50 mg ml À1 kanamycin sulfate. Cultures were grown overnight at 28°C on a gyratory shaker at 225 rpm, and the OD 600 were adjusted to 1.5 by adding fresh LB medium. A. tumefaciens cultures harboring pTRV1 and individual pTRV2 vectors were combined at a 1:1 ratio and centrifuged at 3000 g for 20 min at room temperature. The pellets were gently resuspended with infiltration buffer (10 mM MES, pH 5.6, 20 lM acetosyringone and 10 mM magnesium chloride) on an ice bath immediately prior to seedling infiltration. Opium poppy chemotype Bea's Choice seedlings were grown for~14 days at 20°C/15°C (light/dark) with a photoperiod of 16 h. Seedlings showing the emergence of the first primary leaf pairs were infiltrated using a syringe and plants were grown to maturity as described previously . Stem and latex samples were harvested below first flower buds, flash frozen under liquid N 2 , and stored at À80°C.
RNA extraction and cDNA synthesis
Stems (for VIGS analysis) and various organs (for plant expression profiling) were flash frozen under liquid N 2 and 100-150 mg were ground to a fine powder using a Tissue Lyser II (Qiagen) and total RNA was extracted using the cetyl trimethyl ammonium bromide (CTAB) method (Meisel et al., 2005) . The frozen powder was mixed with CTAB buffer (600 ll) and incubated at 65°C for 10 min. The mixture was extracted using chloroform-isoamyl alcohol (24:1, 600 ll). The clear supernatant was precipitated using 10 M LiCl (175 ll) at 4°C for 1 h. After centrifugation, the RNA pellet was washed twice with 75% (v/v) ethanol and dried at room temperature using a SpeedVac (Thermo Fisher). The dried pellet was dissolved in diethylpyrocarbonate-treated water, and RNA quality and quantity were calculated using a NanoDrop device (Thermo Fisher). cDNA was synthesized from total RNA (approximately 700 AE 100 ng/ll) using All-In-One RT MasterMix (Applied Biological Materials, Richmond, BC, USA).
Quantitative real-time PCR and plant alkaloid analysis qRT-PCR was performed using SYBR Green detection in a QuantStudio â -3 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). Reactions (20 ll) contained diluted cDNA (approximately 1.0 AE 0.5 lg), 0.5 9 SYBR Select Master Mix (Applied BioSystems), and 500 nM of each of two relevant primers (Table S5 ). Thermal conditions were 95°C for 3 min, 40 cycles of 95°C for 3 sec, and 60°C for 45 sec. Relative transcript abundance was calculated using the 2 ÀDDCt method (Livak and Schmittgen, 2001) . Primer efficiencies were calculated using linear regression models of raw amplification plots (Ruijter et al., 2009) .
For alkaloid analysis, latex samples were lyophilized and extracted overnight at 4°C with acetonitrile (100 ll mg À1 dry weight of latex). Seedlings harvested at different growth stages were flash frozen under liquid N 2 , ground to a fine powder, and extracted overnight with acetonitrile (1 ml mg À1 fresh weight) at 4°C. After centrifugation (17 000 g, 4°C, 30 min), the supernatant were diluted (1:200 or 1:50) in Solvent A and analyzed by HPLC-MS/MS.
Homology modeling and structural analysis
The crystal structure of (S)-norcoclaurine 6-O-methyltransferase (6OMT) from Thalictrum flavum (Robin et al., 2016) bound to norlaudanosoline and SAH (PDB 5ICE) was used to generate the structure of the OMT6 homodimer using crystallographic symmetry. Homology models of the OMT heterodimers were constructed using MODELLER (Sali and Blundell, 1993) , starting with this homodimer structure as the template after the sequences of each protein protomer were aligned using the Clustal Omega webserver (EMBL-EBI) (Sievers et al., 2011) . Five models of each heterodimer were evaluated using the molpdf score, MolProbity (Chen et al., 2010) and visual inspection, yielding a single representative structure for further analysis.
Statistical analysis
Variance was determined using one-way analysis of variance (ANOVA) (P < 0.05). Tukey's test was used for pair-wise multiple comparisons of mean values.
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